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An important goal of tissue engineering is to achieve reconstitu-
tion of specific functionally active cell types by transplantation of
differentiated cell populations derived from normal or genetically
altered embryonic stem cells in vitro. We find that mast cells
derived in vitro from wild-type or genetically manipulated embry-
onic stem cells can survive and orchestrate immunologically
specific IgE-dependent reactions after transplantation into mast
cell-deficient KitW/Kit"V-v mice. These findings define a unique
approach for analyzing the effects of mutations of any genes that
are expressed in mast cells, including embryonic lethal mutations,
in vitro or in vivo.

mbryonic stem (ES) cells, derived from the inner cell mass

of developing blastocysts, can grow continuously in an un-
differentiated state in culture but have the potential to develop
into all adult tissues and cell types (1-3). Accordingly, ES cells
are widely regarded as important vehicles for tissue transplan-
tation and gene therapy (2, 3). One approach to realize the
therapeutic potential of ES cells is to generate lineage-
committed progenitor cells from ES cells in vitro, and then to
transplant such cells so that they can undergo further differen-
tiation in vivo (4-10). In this study, we have developed an
alternative approach: to generate from ES cells a differentiated
cell type that can express cell lineage-specific function in vitro
and then to transplant such differentiated cells to restore such
functional activity in vivo.

We used mast cells as the model system for this effort because we
and others have shown that functionally active mast cells can be
generated in large numbers from appropriate hematopoietic pre-
cursor cells in vitro (reviewed in ref. 11) and because of the potential
to use mutant mice that essentially lack mast cells (WBB6F1-Kit¥/
Kir™ mice, ref. 12) as recipients to test the cell specific-function of
adoptively transferred mast cell populations. Mast cells are major
effector cells of IgE Ab-associated allergic reactions, and their
immunological function in such responses is mediated primarily via
the high-affinity IgE receptor, FceRI (13-15). Whereas Kit%/Kit™™
mice express no detectable mast cell-dependent immunological
activity in vivo, they can express IgE-dependent mast cell function
after the adoptive transfer of mast cells derived from hematopoietic
precursor cells in vitro (13, 16).

To evaluate the potential versatility of ES cell-derived mast
cells (ESMCs) for mechanistic studies of mast cell development
and function, we wished to assess whether this approach could
be used to generate and analyze both wild-type ESMCs and
ESMC:s derived from genetically manipulated ES cells, including
those that express embryonic lethal mutations. Accordingly, we
used wild-type ES cells and ES cells that were null for stress-
activated protein kinase (SAPK)/extracellular signal-regulated
kinase (ERK) kinase-1 (SEK1, refs. 17-20). SEK1 is a mitogen-
activated protein (MAP) kinase kinase that is activated in
response to various stress stimuli and certain proinflammatory
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cytokines (17, 18). SEKI is also activated in response to FceRI
crosslinking (21), and SEK1 can regulate c-Jun NH»-terminal
protein kinase (JNK) (17,18). Although JNK (22) and therefore
SEKI1 (21) have been implicated in mast cell tumor necrosis
factor (TNF)-a production, the fact that SEK1 —/— is an
embryonic lethal genotype (19, 20) made it difficult to assess
directly the importance of SEK1 in mast cell development or
FceRI-dependent activation and secretion of TNF-a.

In this report, we demonstrate that functionally active differ-
entiated mast cells can be generated from normal or SEK1 —/—
ES cells in vitro and show that such ESMCs can survive and
express [gE-dependent immunological function after transplan-
tation into mast cell-deficient KitW /KirWV- mice.

Materials and Methods

In Vitro Differentiation of Mast Cells from ES Cells. Strain 129Sv
wild-type W9.5 (SEK1 +/+) and SEK1 —/— ES (20) cells were
maintained undifferentiated in gelatin-coated dishes in DMEM
(GIBCO) containing 15% FBS (HyClone), 2 mM L-glutamine,
100 units/ml penicillin, 100 wg/ml streptomycin, 0.1 mM MEM
nonessential amino acids (all GIBCO), 143 uM monothioglyc-
erol (Sigma), and 5 ng/ml recombinant mouse leukemia inhib-
itory factor (rmLIF, R & D Systems). To form embryoid bodies
(EBs), 2000 ES cells were plated in bacterial-grade dishes in 1.5
ml Iscove’s modified Dulbecco’s medium (IMDM) containing
0.9% methylcellulose (Fluka), 15% FBS, 2 mM L-glutamine, 434
M monothioglycerol, 100 units/ml penicillin, 100 pg/ml strep-
tomycin, 0.1 mM MEM nonessential amino acids, 50 ng/ml rat
stem cell factor (rrSCF, Amgen Biologicals), and 5 ng/ml
rmIL-11 (R & D Systems). The cultures were replenished 7 days
later with 1 ml of feeding medium containing 60 ng/ml rrSCF,
30 ng/ml rmIL-3, and 30 ng/ml rmIL-6. Mast cell differentiation
was induced by transferring EBs to tissue culture grade dishes in
liquid medium (DMEM, 10% FCS/2 mM L-glutamine/100
units/ml penicillin/100 pg/ml streptomycin/20% vol/vol
WEHI-3 cell-conditioned medium/50 ng/ml rrSCF) 2 wk after
primary plating. Cultures were then expanded weekly by trans-
ferring the cells to new flasks and replacing half of the medium.

Abbreviations: ES cells, embryonic stem cells; SEK1, stress-activated protein kinase/
extracellular signal-regulated kinase (SAPK/ERK) kinase-1; EBs, embryoid bodies; SCF, stem
cell factor; ESMCs, ES cell-derived mast cells; BMCMCs, bone marrow-derived cultured mast
cells; DNP-HSA, dinitrophenol-human serum albumin; TNF, tumor necrosis factor; mMCP,
mouse mast cell-associated protease; PCA, passive cutaneous anaphylaxis.
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Fig. 1.

Phenotypic characteristics of ESMCs or BMCMCs of 129Sv mouse origin were generated by culturing EBs or bone marrow, respectively, for 4 wk in liquid

medium containing 20% WEHI-3 cell-conditioned medium (as a source of IL-3) supplemented with 50 ng/ml rrSCF (WEHI + SCF). (A) Cytocentrifuged preparations
of wild-type or SEK1 —/— ESMCs, or wild-type BMCMC s, were stained with Wright Giemsa, Alcian blue/Safranin, or Berberine Sulfate. (B) Reverse transcriptase-
PCR analysis of mMCP-2, mMCP-4, and mouse mast cell carboxypeptidase A (mMC-CPA) gene expression in wild-type ES cells before (0) or after placing the cells
in WEHI + SCF for 2, 4, or 6 wk, or in BMCMCs 6 wk after differentiation in WEHI + SCF. No RT = no reverse transcriptase.

Generation of Bone Marrow-Derived Cultured Mast Cells (BMCMCs).
BMCMCs were obtained by maintaining the femoral bone
marrow cells of 4- to 6-wk-old 129Sv mice in liquid medium
containing IL-3 and SCF as described above for in vitro differ-
entiation of mast cells from EBs. Cultures underwent replace-
ment of half of the medium weekly. After 4-5 wk, at least 95%
of the cells that remained in the cultures were identifiable as mast
cells as determined by May-Griinwald/Giemsa staining (23).

Histochemical Staining. For assessment of morphological and
histochemical characteristics, cytocentrifuged preparations of
ESMCs and BMCMCs were stained with Wright Giemsa (Fish-
er) according to the manufacturer’s instruction or with Alcian
blue/Safranin as previously described (24). To assess another
aspect of the phenotypic maturation of BMCMCs or ESMCs, the
cells were stained with 0.02% Berberine Sulfate (Sigma), a
yellow fluorescent dye that binds to the heparin in mature mast
cell granules (24), for 20 min at room temperature, rinsed in
distilled deionized H,0 (ddH,O) (pH 4.0) and observed under a
fluorescent microscope.

Reverse Transcriptase—PCR Analysis of Mast Cell Proteases. RN A was
extracted from either ESMCs or BMCMCs of 129Sv mouse
origin by TRI REAGENT (Molecular Research Center, Cin-
cinnati) according to the manufacturer’s specifications at various
time points after differentiation. Mouse mast cell-associated
protease (mMCP)-2, mMCP-4, mouse mast cell carboxypepti-
dase A (mMC-CPA), and B-actin mRNA expression was ana-
lyzed by reverse transcriptase-PCR as previously described (25).

Flow Cytometry. Expression of the high-affinity IgE receptor,
FceRI, and the SCF receptor, c-kit, was analyzed by flow
cytometry as described (26) with slight modification. Briefly,
ESMCs, BMCMCs, or peritoneal cells isolated from WBB6F1-
+/+ (Kit™'™) mice or KitW/KitW- mice reconstituted i.p. with
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ESMCs were first preincubated with 10 ug/ml of the anti-CD23
B3B4 mAD (PharMingen) and 10 pg/ml of the anti-FcyRII/III
2.4G2 mAb (PharMingen) for 15 min to block low-affinity
binding of IgE or other subsequent Abs to CD23* or FcyRII/
IIT* cells, respectively. Cells were then incubated with 5 ug/ml
mouse IgE anti-dinitrophenol (DNP) mAb (Sigma) for 45 min,
followed by a simultaneous incubation of 15 ug/ml of biotin-
ylated-rat-anti-mouse c-kit Ab (PharMingen) for 25 min. After
washing, cells were stained with 10 pg/ml FITC-rat-anti-mouse
IgE Ab (PharMingen) and 1 pg/ml phycoerythrin-streptavidin
(PharMingen) for 25 min. All steps were performed at 4°C in
DMEM containing 2% FCS (Sigma). Amounts equal to 10,000
stained cells in each sample were analyzed by using a FACS-
Calibur (Becton Dickinson). An instrument setting of the flow
cytometer that was appropriate for analysis of peritoneal cells
was determined in the first experiment and was used for all such
analysis, whereas a modified instrument setting was used for the
analysis of cultured cells. The flow cytometry setting for ESMCs
and BMCMCs was not changed throughout this study.

Measurement of Cytokine and Mediator Release. To activate mast
cells via FceRI stimulation, ESMCs or BMCMCs were first
sensitized at 37°C with anti-DNP-human serum albumin (HSA)
IgE (10 pg/ml) for 2 h and then stimulated with DNP-HSA
(Sigma) Ag. To measure the release of B-hexosaminidase,
sensitized cells were stimulated for 1 h with DNP-HSA (10
ng/ml) or with the calcium-ionophore, ionomycin (1 wM, Sigma)
in Tyrode’s buffer, or vehicle alone. Cell supernatants were
harvested, and cell pellets were lysed with 0.5% Triton X (Sigma)
in Tyrode’s buffer. B-hexosaminidase was quantified in the
supernatants and pellet lysates by spectrophotometric analysis of
hydrolysis of p-NAG (p-nitrophenyl-N-acetyl-B-D-glucosamini-
dine) (27). B-hexosaminidase release was calculated as the
percentage of B-hexosaminidase present in the supernatants. To
measure the release of cytokines, IgE-sensitized cells were
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Fig. 2.

ESMCs express functionally active FceRI receptors. (A-D) Flow cytometry analysis (104 cells/condition) of c-kit and FceRI expression in wild-type (129Sv)

ESMCs (A and C€) and BMCMGs (B and D) with (C and D) or without (A and B) preincubation with IgE (5 ug/ml) for 4 days (ref. 26). (E-G) Release of (E)
B-hexosaminidase, (F) IL-6, or (G) TNF-« in wild-type BMCMGCs, wild-type ESMCs, or SEK1 —/— ESMCs stimulated with IgE and specific Ag (DNP-HSA) (E-G) or
calcium ionophore (E). Before stimulation, some cells (+) were preincubated with anti-DNP-HSA IgE (5 ug/ml) for 4 days to enhance FceRI expression. All cells
were then sensitized with anti-DNP-HSA IgE (10 ng/ml) for 2 h and then stimulated with DNP-HSA or calcium ionophore. The percentage of of B-hexosaminidase
release and cytokine release (23) were measured 1 or 6 h after Ag stimulation, respectively. In E-G, the results are mean = SEM (n = 4-10) and are representative
of the results obtained in two to three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.005, as compared with values for BMCMCs by unpaired

Student's t test.

stimulated for 6 h in the presence or absence of DNP-HSA (23).
TNF-a and IL-6 levels in the supernatants were measured by
ELISA Kits (R&D systems) according to the manufacturer’s
instructions.

Mast Cell Reconstitution and Induction of Passive Cutaneous Anaphy-
laxis (PCA). Genetically mast cell-deficient mice and the congenic
normal (+/+) mice (WB/ReJ-KirV/+ X C57BL/6J-KitW~/
+)F1-(KitW /KitW~, Kit*'"), designated here WBB6F1-(KirV/
KitW=, Kitr*'*), were purchased from The Jackson Laboratory.
The skin of adult WBB6F1-KitW /KitW~ mice contains <1% the
number of mast cells present in the skin of the congenic (+/+)
mice, and KitW/KirV~¥ mice contain no mast cells in the perito-
neal cavity or multiple other anatomical sites (12). For studies of
mast cell survival in vivo, mast cell-deficient KitWV/Kit™W~ mice
were injected i.p. with 2 X 10° BMCMCs or SEK1 +/+ or SEK1
—/— ESMCs. Cells for injection were prepared in 200 ul of
HMEM-pipes [Hanks’ MEM containing 0.47 g/liter piperazine-
N,N’ bis(2-ethane sulfonic acid)]. The percentage of mast cells
in the peritoneal lavage was determined by Kimura staining (28)
3—-4 wk or 8 wk after peritoneal reconstitution. For studies of the
ability of ESMC:s to elicit immunologically specific reactions in
vivo, 1 X 10° SEK1 +/+ or SEK1 —/— ESMCs, in 20 ul of
HMEM-pipes, were injected intradermally into the ears of
KitW /KitW= mice. To elicit PCA reactions 3 wk later (16), mice
were first primed with IgE by the intradermal injection, into the
ears, of 100 ng monoclonal mouse dinitrophenol-specific (anti-
DNP) IgE in 20 ul of HMEM-pipes; control ears were injected
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with vehicle alone. Twenty-four hours later, the mice were
injected i.v. with 200 ug of Ag (DNP-HSA) diluted in sterile
0.9% NaCl. Ear swelling was quantified by three consecutive
measurements of ear thickness by using a Mitutoyo (Aurora, IL)
engineer’s micrometer before (baseline) and 1, 2, 4, and 6 h after
Ag challenge. The use and care of animals in this study was in
accord with the guidelines of the National Institutes of Health
and the Stanford University Committee on Animal Welfare.

Results and Discussion

We first modified the two-step replating assay of Keller ez al. (29,
30) to identify conditions that could permit the generation of
large quantities of highly purified ESMCs. Instead of replating
disaggregated EBs into methylcellulose medium, which results in
the differentiation of mast cells and other hematopoietic lin-
eages, but in very limited numbers (30), we placed the EBs in
tissue culture dishes containing liquid medium supplemented
with SCF and/or IL-3 (31), which allowed the EBs to attach and
spread on the dishes and give rise to mast cells. After extensive
preliminary studies, we found that the highest yields of mast cells
were obtained in medium containing both SCF and IL-3; e.g., by
~6 wk after EB differentiation, we typically generate ~108
ESMC:s from 2,000 ES cells, a 50,000-fold expansion.

ESMC:s exhibited morphological and cytochemical character-
istics of mouse mast cells (24, 32) (Fig. 14) and expressed mRNA
for mouse mast cell-specific proteases (33, 34) (Fig. 1B). Com-
pared with adult mouse BMCMC:s that were generated in the
identical liquid medium, ESMCs expressed similar levels of c-kit

Tsai et al.
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Fig. 3. Survival of ESMCs in vivo. (A) Mast cell-deficient WBB6F 1-KitW/KitW-v

mice (n = 6-15/group, 8-16 wk old) were injected i.p. with 2 X 106 SEK1 +/+
or SEK1 —/— ESMCs, or BMCMCs of WBB6F1-+/+ (Kit*/*) origin. At 3-4 or 8
wk after injections, peritoneal lavage was performed, and the percentage of
mast cells present in the lavage was evaluated by Kimura staining. The
percentage of native peritoneal mast cells (PMCs) in WBB6F1-+/+ (Kit*/*)
mice was counted as the positive control (black bar). *, P < 0.05 as compared
with values for mice at 3 wk after injection of SEK1 —/— ESMCs or BMCMCGs.
(B and C) Flow cytometry analysis of c-kit and FceRI expression on the ESMCs
recovered from the peritoneal cavities of WBB6F1-KitW/Kit"W-V mice 8 wk after
reconstitution (B) or on PMCs recovered from Kit*/* mice (C); mast cells are
indicated by the oval.

(cf. Fig. 2 A vs. B) and IgE-dependent up-regulation of surface
expression of the receptor that binds IgE Abs with high-affinity
(FceRI) (cf. Fig. 2 C vs. D) (26). However, the ESMCs differed
from BMCMC:s in that ESMCs (i) exhibited stronger reactivity
with Berberine Sulfate (indicative of the presence of heparin; ref.
24) and Safranin (Fig. 14) and thus, by these criteria, more
closely resembled so-called “connective tissue-type mast cells”
than did the BMCMC:s (reviewed in refs. 11, 24, and 32) and (ii)
contained a higher proportion of c-kit* FceRI~ mast cells (cf.
Fig. 2 C vs. D).

We found that ESMCs could be generated from SEK1 —/—
or wild-type ES cells with similar efficiency and that SEK1 —/—
and wild-type ESMCs exhibited similar morphological and cy-
tochemical characteristics (Fig. 1A4) and similar patterns of
expression of surface c-kit and FceRI and mRNA for mMCP-2,
mMCP-4, and mouse mast cell carboxypeptidase A (mMC-CPA)
(data not shown).

Wild-type and SEK1 —/— ESMCs exhibited statistically in-
distinguishable levels of release of the preformed mediator
B-hexosaminidase (Fig. 2E), as well as the cytokines IL-6 (Fig.
2F) and TNF-«a (Fig. 2G), after IgE- and Ag (DNP-HSA)-
dependent activation or after stimulation with calcium iono-
phore (Fig. 2E). These data indicate that SEKI1 is not required
for FceRI-dependent mast cell degranulation and cytokine
production in vitro. In accord with our previous findings in
BMCMCs (26), higher levels of IgE-dependent B-hexosamini-
dase and cytokine release were observed in ESMCs that had
undergone up-regulation of FceRI expression as a result of a
4-day preincubation with IgE Ab before further sensitization
with IgE and Ag challenge (Fig. 2 E-G). Under certain condi-
tions of stimulation, B-hexosaminidase and cytokine release
were greater in BMCMCs than in ESMCs. It will be of interest
to investigate the reason(s) for this difference. ESMCs contained
higher fractions of FceRI™ cells than did BMCMC:s (e.g., cf. Fig.
2 A and C with Fig. 2 B and D), but this difference may
not explain the lower levels of responsiveness in ESMCs, be-
cause these cells also released less B-hexosaminidase than did
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Fig. 4. IgE-dependent PCA in mast cell-deficient WBB6F1-KitW/Kit"W-V mice
reconstituted with ESMCs in one or both ears. PCA reactions were induced by
challenging i.v. with DNP-HSA Ag (200 n.g) 24 h after intradermal injection of
anti-DNP-HSA IgE (100 ng) or vehicle into the ears (Priming); the reactions
were assessed by measuring ear swelling (A = difference in ear thickness
before and after Ag challenge). (A) SEK1 +/+ ESMCs in the left ears and
vehicleintheright ears (mean = SEM, n = 5/group). ***, P < 0.0001 vs. vehicle
“reconstitution” by ANOVA. (B) SEK1 +/+ ESMCs in both ears, with IgE
priming of only the left ears (mean = SEM, n = 7/group). ***, P < 0.0001 vs.
vehicle “priming’ by ANOVA. Data representative of the results obtained in
three similar experiments. (C) SEK1 +/+ ESMCs in the left ears and SEK1 —/—
ESMCs in the right ears. The results (mean = SEM, n = 7/group) are represen-
tative of those obtained in three similar experiments.

BMCMC:s after FceRI-independent stimulation with ionomycin
(Fig. 2E).

We next investigated the ability of ESMCs to survive and
express immunologically specific function after transfer into
genetically mast cell-deficient Kir'V/KirWV- mice in vivo. In con-
trast to the congenic normal Kir*/* mice, in which ~3%-4% of
the cells in peritoneal lavage fluid are mast cells (black bar in Fig.
34), no mast cells are ordinarily present in the peritoneal cavity
or many other tissues of KitWV/KitW~ mice (11, 12). SEK1 —/—
or wild-type ESMCs survived in the peritoneal cavities of
KitV /KitW= mice for 8 wk (Fig. 34) and exhibited even stronger
reactivity with Berberine Sulfate than did ESMCs examined at
the time of i.p. injection (data not shown). Mice injected with
SEK1 +/+ ESMCs had fewer peritoneal mast cells at 3 wk than
did mice injected with either SEK1 —/— ESMCs or BMCMC:s.
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However, by 8 wk, there were no significant differences in the
percentage of peritoneal mast cells among any of the groups
analyzed (Fig. 34). Moreover, the ESMCs recovered from these
animals (Fig. 3B) expressed surface levels of c-kit and FceR1 that
were similar to those observed in the native peritoneal mast cells
of Kit™* normal mice (Fig. 3C).

These results show that ESMCs of 129Sv origin can survive
and maintain wild-type levels of mast cell reconstitution for at
least 8 wk after injection into the peritoneal cavity of WBB6F1-
KitV /KitW= mice. Whereas strains 129Sv and C57BL/6 (one of
the parental strains of WBB6F1 mice) are MHC identical (H-2),
129Sv and C57BL/6 mice differ at minor histocompatibility loci
(35). Accordingly, it will be of interest to attempt to generate
ESMCs of C57BL/6 or perhaps even WBB6F1 origin, and then
to compare their ability to achieve long-term local or systemic
reconstitution of mast cell populations in Kir%V/KitW~ mice to
that of ESMCs of 129Sv origin.

We also assessed whether ESMCs of 129Sv origin could orches-
trate a typical IgE- and mast cell-dependent immunological re-
sponse 3 wk after injection into the ears of KirV /Kir™V~ mice in vivo.
Significant reactions occurred at sites reconstituted with ESMCs
and primed with IgE (Fig. 44), but not at sites that received either
ESMC:s or IgE alone (Fig. 4 A and B). Moreover, there were no
significant differences between the responses detected in KirVV/
Kit™W~ mice that had been reconstituted with SEK1 — /— as opposed
to SEK1 +/+ ESMCs (Fig. 4C). These data thus support our in
vitro findings in excluding an essential role for SEKI in the
expression of important aspects of IgE-dependent mast cell func-
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